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ABSTRACT The self-assembly of nanoparticles into larger superstructures is a 


powerful strategy to develop novel functional nanomaterials, as these super- 
structures display collective properties that are different to those displayed by 
individual nanoparticles or bulk samples. However, there are increasing bottle- 
necks in terms of size control and multifunctionalization of nanoparticle 
assemblies. In this study, we developed a self-assembly strategy for construction 
of multifunctional nanoparticle assemblies of tunable size, through rational 
regulation of the number of self-assembling interaction sites on each nano- 
particle. As proof-of-principle, a size-controlled enzyme nanocomposite (ENC) was 


constructed by self-assembly of streptavidin-labeled horseradish peroxidase (SA-HRP) and autobiotinylated ferritin nanoparticles (bFNP). Our ENC 


integrates a large number of enzyme molecules, together with a streptavidin-coated surface, allowing for a drastic increase in enzymatic signal when the 


SA is bound to a biotinylated target molecule. As result, a 10 000-fold increase in sensitivity over conventional enzyme-linked immunosorbent assays 


(ELISA) methods was achieved in a cardiac troponin immunoassay. Our method presented here should provide a feasible approach for constructing 


elaborate multifunctional superstructures of tunable size useful for a broad range of biomedical applications. 


KEYWORDS: self-assembly - nanoparticles - enzyme nanocomposite - ultrasensitive immunoassay 


of molecule organization that ubiqui- 

tously occurs in biology systems, where 
it facilitates the formation of biomacromol- 
ecular superstructures with suitable size 
and sophisticated functions.’ Such self- 
assembly approach is attractive for nano- 
device fabrication, due to their uniformity, 
versatility and simplicity of preparation.” 
Considerable efforts have been made in 
the design of self-assembling superstruc- 
tures that consist of nanoparticles.** Self- 
assembly of nanoparticles into ordered 
superstructures can endow them with new 
properties, and also allow them to perform 
multiple tasks either simultaneously or in 
sequence.” 


Ç i reecue is a spontaneous process 


MEN ET AL. 


For the majority of nanoparticle assem- 
blies that form in solutions, the self-assembly 
process occurs continuously until all compo- 
nents are exhausted, resulting in increased 
polydispersity of architectures throughout 
the process.° In addition, this self-assembly 
process is mainly governed by thermody- 
namics and, therefore, is independent of 
manual intervention. Thus, the size of self- 
assembled superstructure becomes un- 
controllable. Furthermore, in most cases the 
self-assembly process of nanoparticles is 
driven by physical forces,” such as van der 
Waals forces,”'° electrostatic forces,'''* hy- 
drophobic forces,'*'* magnetic interac- 
tions’>"® and entropic effects.'”'® However, 
these interactions depend on the physical 
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properties of the self-assembly components, which 
limit the choice of molecules available for those 
assemblies. Furthermore, nanoparticle assemblies are 
usually closed-packed, and there is not sufficient space 
for incorporating functional molecules.'? Therefore, 
the development of a straightforward method to con- 
struct self-assembled superstructure of controllable 
size and multiple functions is highly desirable. 

Protein nanoparticles are superior for the construc- 
tion of controlled self-assembled superstructures, 
due to their high degree of symmetry, availability for 
modification and structural uniformity.” The surface of 
protein nanoparticles can be genetically modified with 
functional ligands without disrupting their structural 
integrity. In addition, the fused ligands are mounted on 
the surface of nanoparticles in the exact number and 
orientation. These properties make possible to limit the 
number of interacted self-assembling building blocks 
through rational regulation of the stoichiometric ratio 
of different building blocks. Ferritin is a typical protein 
nanoparticle that is present ubiquitously in various 
organisms. The recombinant heavy chain of human 
ferritin (rHF) can form a nanoparticle with 24 sub- 
units.2" The functionalized rHF can be linked with 
foreign proteins,” and such constructs have been 
widely used in biosensing,” targeted delivery** and 
templated synthesis of inorganic nanomaterials.”° 
These characteristics make rHF a perfect building block 
for the construction of controlled self-assembled nano- 
particle assemblies. 

Here, we present a size-controlled self-assembly 
strategy to construct functional rHF nanoparticle as- 
semblies that are of tunable size. Different from the 
commonly used physical forces, a specific biomolecu- 
lar interaction, namely biotin—streptavidin interaction, 
was chosen as a driving force to mediate the interac- 
tion between the rHF nanoparticles. A autobiotinylated 
ferritin nanoparticles (bFNP) was built to display biotin 
on the surface of rHF nanoparticle. Through precise 
regulation of the assembly ratio between streptavidin 
and bFNP, these bFNP are expected to assemble 
together in a certain number, thereby achieving size- 
control of our nanoparticle assemblies. 

To endow the rHF nanoparticle assemblies with 
specific functions, streptavidin-labeled horseradish 
peroxidases (SA-HRPs) were assembled with bFNP to 
construct enzyme nanocomposite (ENCs). The result- 
ing ENCs not only combined the two functions of 
antibody binding and enzyme labeling, but also cre- 
ated a high enzyme-to-antibody ratio, thus greatly 
increasing the potential sensitivity of an immunoassay. 
As proof-of-principle, we applied the ENC to a cardiac 
troponin | (cTnl) assay to improve the sensitivity com- 
pared to conventional cTnl immunoassays. cTnl is an 
important biomarker for the diagnosis of heart attack, 
also termed acute myocardial infarction (AMI),?f which 
is one of the most fatal human diseases in the world. 
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Early detection of cTnl in patients with a high risk of 
AMI can largely reduce the risk of death from heart 
attacks.”” However, most assays currently available for 
detecting troponin are based on conventional ELISA 
and have a limited detection threshold.” Therefore, 
we used our ENC to develop an ultrasensitive immuno- 
assay to detect cTnl. 


RESULTS 


Design Principle of ENC. As shown in Figure 1, the size- 
controlled self-assembly can be achieved by regulating 
the stoichiometric ratio of the two building blocks 
during assembling process. First, each 24 biotinylated 
rHF units are assembled into a bFNP with 24 biotins on 
its surface. The bFNPs serve as the self-assembling 
blocks to form the backbone of the ENC. In principle, 
each bFNP can bind 24 SA-HRPs. Therefore, in the 
presence of saturated or excess SA-HRP (the ratio of 
bFNPs to SA-HRP < 1:24), the bFNPs are supposed to 
be fully coated with SA-HRP. The coating of SA-HRP 
will prevent the aggregation of bFNPs, resulting in the 
construction of ENCs that contains only one bFNP in 
each structure (Figure 1a). In the presence of insuffi- 
cient SA-HRP (the ratio of bFNPs to SA-HRP > 1:24), 
bFNPs will share SA-HRP with each other, resulting in 
the aggregation of bFNPs and a concomitant increase 
of the size of ENC. For example, when the assembly 
ratio of bFNP to SA-HRP is set to 1:23.5, one bFNP 
will share a SA-HRP with another bFNP, forming a 
bFNP—SA-HRP—bFNP dimer (Figure 1b). When the 
assembly ratio of bFNP to SA-HRP is set to 1:23, one 
bFNP will share two SA-HRPs with two other bFNPs, 
resulting in the formation of trimer or tetramer assem- 
blies (Figure 1c). Further reduction of the assembly 
ratio of bFNP to SA-HRP will lead to even larger 
structures. By the rational adjustment of the amount 
of biotins mounted on the surface of bFNPs, it is 
possible to construct ENC with a certain number of 
enzymes on one structure. 

Autobiotinylated Ferritin Nanoparticle. To obtain auto- 
biotinylated ferritin nanoparticles that contain 24 
biotin molecules uniformly distributed on their surface, 
biotin accepted peptide (BAP), a substrate of biotin 
ligase (BirA, EC 6.3.4.1 5),7? was genetically fused to the 
N-terminal of rHF (BAP-rHF, see Supporting Informa- 
tion Figure S1). As a consequence of coexpression of 
BAP-rHF with BirA in Escherichia coli BL21, BAP-rHF 
is biotinylated by BirA prior to assembly into bFNPs 
(Figure 2a). To ensure that the BAP tag is located on 
the surface of the ferritin nanoparticles and accessible 
for binding to SA-HRP, a flexible spacer peptide 
(2*GGGGS) was inserted into the C-terminal region of 
the BAP tag (the predicted structure of BAP-rHF is 
shown in Supporting Information Figure $2). 

The constructed bFNPs were characterized by 
transmission electron microscopy (TEM) and dynamic 
light scattering (DLS). As observed in the TEM images 
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Figure 1. Design principle of constructing an ENC. (a) Formation of an ENC with a single bFNP by reacting bFNP with saturated 
or excess SA-HRP. (b and c) Formation of dimer, trimer and tetramer assemblies by reacting bFNP with insufficient SA-HRP. 
(d) Schematic diagram of an ENC-based high-sensitivity immunoassay. 


(Figure 2b), the obtained bFNPs displayed good mono- 
dispersity and a uniform spherical shape, a structure 
that is structurally similar to native rHF nanoparticles. 
These results indicate that the fusion of BAP tag to the 
rHF subunit did not impair the structure of the self- 
assembled rHF. The mean diameter of these BAP-rHF 
nanoparticles as measured by TEM was 13.63 + 
0.65 nm (n = 600).We also measured the hydrodynamic 
diameter (Dn) of BAP-rHF nanoparticles using DLS, and 
the mean value was 15.6 nm (Figure 2c), which is 
slightly larger than the diameter measured by TEM. 
This difference may be the result of the influence of a 
counterion cloud on particle mobility, as well as the 
large scattering cross section of a small amount of large 
particles. 

To validate efficient biotinylation of BAP-rHF, 
Western blotting was used. As shown in Figure $3, 
biotin was present on BAP-rHF. In addition, we used 
liquid chromatography—mass spectrometry (LC—MS) 
to evaluate the in vivo efficiency of biotinylation on 
BAP-rHF. As shown in Figure 2d, the measured m/z 
value of purified BAP-rHF was 23932.0. This value 
is consistent with our theoretical calculation and 
further supports the notion that each BAP-rHF 
subunit was modified by a single biotin (see Sup- 
porting Information). Considering the highly sym- 
metric, 24-subunit structure of BAP-rHF nanoparti- 
cles, we propose that there are 24 biotin molecules 
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uniformly displayed on the surface of each BAP-rHF 
nanoparticle. 

Self-Assembly of bFNPs and SA-HRPs into ENC. The accu- 
rate surface modification of bFNPs with biotin mol- 
ecules allowed us to precisely control the number of 
biotin molecules that are blocked by SA-HRPs, as well 
as regulate the number of shared SA-HRP molecules 
shared between the bFNP by adjusting the assembly 
ratio of bFPNs to SA-HRPs. The ENC formed by self- 
assembly of bFPNs to SA-HRPs with different ratios 
were characterized by gel electrophoresis mobility 
shift assay. The electrophoretic migration of the ENC 
was analyzed using different assembly ratios of bFNPs 
and SA-HRPs. As shown in Figure 3a, significant 
changes were found in the electrophoretic migration 
behavior depending on the assembly ratio. The migra- 
tions of the assembly ratio at 1:0.5, 1:1 and 1:2 were 
similar to the bFNPs alone. At the assembly ratio of 1:4 
to 1:17, the migration rates of the assembled ENCs 
were significantly decreased. When the ratio was set to 
1:18—1:22, the ENCs stayed in the loading place of the 
agarose gel, indicating that they were highly aggre- 
gated, and thus too large for gel migration. The 
migration rates began to increase from the assembly 
ratio of 1:23, and this trend gradually slowed stopped 
at 1:26. These results indicate that the ENCs assembled 
at these ratios contained fewer bFNPs, and the sizes 
tended to be uniform. When the ratio of bFNPs and 
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Figure 2. Autobiotinylated ferritin nanoparticles. (a) Schematic diagram of the bFNPs preparation. (b) TEM image of bFNPs 
(bar = 100 nm). (c) Size distribution of bFNPs measured by DLS. (d) LC—MS analysis confirmed each BAP-rHF subunit was 


modified by only one biotin. 


SA-HRPs was smaller than 1:26, the migration rates of 
the ENCs did not change any further. This result 
indicated that when the bFNPs are saturated with 
SA-HRPs, each assembled ENCs contains only one 
bFNP. These findings confirmed that unsaturated 
SA-HRPs induce the aggregation of bFNPs, and that 
the saturation ratio was 1:26. This value is slightly 
different from the predicted ratio of 1:24. This differ- 
ence may have been caused by deviations in the 
protein concentration measurement, protein puri- 
fication, the cross-linking extent of SA-HRP or by a 
systematic error. 

Nanostructure of ENC at Different Assembly Ratios. To 
confirm the relationship between the assembly ratio 
and the size of ENCs, we prepared the ENCs by 
gradually decreasing their ratio with SA-HRP from the 
saturation ratio of 1:26 (1:26, 1:25.5, 1:25, 1:24.5, 1:24 
and 1:23). The results of agarose gel electrophoresis 
(Figure 3b) indicated that the size of the ENCs was 
markedly increased, even though the ratio of SA-HRPs 
was slightly decreased. Then, the detailed aggregation 
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states of the ENCs were further examined by TEM 
(Figure 3d). When the ratio of bFNPs to SA-HRPs was 
lower than 1:26 (saturated), the TEM images showed 
that the majority of the nanoparticles are monodis- 
persed without aggregation (Supporting Information 
Figure S4). At an assembly ratio of 1:25.5, many dimer 
aggregates were observed in the TEM images. Our 
results of statistical analysis showed that approxi- 
mately half of the nanoparticles were aggregated into 
dimer forms (see Supporting Information Figure S5a). 
When the assembly ratio was set to 1:25, many trimeric 
and tetrameric aggregates were observed. The statis- 
tical data showed that approximately half of the nano- 
particles were aggregated into trimers or tetramers, 
with a decreased number of dimeric aggregates (see 
Supporting Information Figure S5b). When the assem- 
bly ratio of SA-HRPs to bFNPs was further decreased, 
much larger aggregations were observed in the TEM 
images, and the numbers of dimers, trimers and tetra- 
mers were decreased (Figure 3d, bottom; and Support- 
ing Information S6). Furthermore, the sizes of the ENCs 
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Figure 3. Characterizations of ENC aggregate at different assembly ratios. (a) The SA-HRPs were used to titrate bFNP in a 
series of ratios. In L1—L24, the assembly ratios are 1:0.5, 1:1, 1:2, 1:4, 1:8, 1:16, 1:17, 1:18, 1:19, 1:20, 1:21, 1:22, 1:23, 1:24, 1:25, 
1:26, 1:28, 1:30, 1:32, 1:34, 1:36, 1:38, 1:40. C1 and C2 are the controls of bFNP and SA-HRP, respectively. (b) In L25—L30, the 
assembly ratios are 1:23, 1:24, 1:24.5, 1:25, 1:25.5, and 1:26. (c) Size distribution of ENCs at assembly ratio of 1:26, 1:25.5, 1:25, 
1:24.5, 1:24, 1:23 and 1:22. (d) TEM images of ENCs at the assembly ratio of 1:26, 1:25.5, 1:25, 1:24.5, 1:24, 1:23 and 1:22 (bar = 


100 nm). Inset: the amplified TEM images of single ENC. 


at assembly ratio of 1:26, 1:25.5, 1:25, 1:24.5, 1:24, 1:23, 
and 1:22 were measured by DLS. The mean values were 
37.84, 58.77, 68.08, 78.82, 91.82, 141.8, and 255 nm, 
respectively (Figure 3c). These TEM and DLS results of 
SA-HRP-induced bFNPs aggregation were consistent 
with the results of the electrophoresis and our theore- 
tical predictions. 

Evaluation of ENC Functions. The functions of the ENCs 
were evaluated by applying our ENCs in an ELISA-type 
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assay to substitute the typically used enzyme- 
conjugated antibodies. The detection procedure was 
performed in a similar manner to that of conventional 
direct ELISA (Figure 4a and Methods). Biotinylated 
antibodies were diluted and immobilized on the mi- 
croplate as targets. The ENCs were captured by the 
antibodies through the biotin—streptavidin interac- 
tion. Subsequently, the color reaction was performed 
by adding substrate for the HRP reaction. The signal 
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Figure 4. Evaluation of ENC functions. (a) The schematic diagram of function evaluation. (b) Comparison of signal 


amplification for different assembly ratios of ENCs. 


intensity was directly correlated with the concentra- 
tion of biotinylated antibodies immobilized on the 
microplate (see Supporting Information Figure S7). 
Next, the performance of ENCs with different sizes 
was examined by the same method. These ENCs were 
prepared by progressively decreasing the assembly 
ratio of bFNPs to SA-HRPs (from 1:13 to 1:30). As shown 
in Figure 4b, the signal outputs of the ENCs assembled 
at the ratios between 1:30 and 1:26 showed no sig- 
nificant difference. The stable signal outputs indicated 
that in these ENCs, the bFNPs were saturated with 
SA-HRP without aggregation. Upon reduction of the 
proportion of SA-HRP, the signal outputs increased at a 
ratio of 1:26, with a peak signal at the ratio of 1:24. This 
was probably caused by the aggregations of bFNPs 
into larger ENCs with more than one bFNP in each ENC. 
These larger ENCs contained more enzymes, resulting 
in enhanced enzymatic signal outputs. However, when 
the assembly ratio was further decreased from 1:13 to 
1:23, the signal outputs of ENCs gradually reduced. 
Although the size of ENCs continuously increased 
with further decrease of the proportion of SA-HRPs 
(1:23-1:17, shown in the results of agarose gel 
electrophoresis), the sensitivity of ENC was reduced. 
We propose two reasons for this observed reduction. 
First, the oversized ENCs may bury most enzyme 
molecules in their interior, so that the substrate cannot 
attach to the enzymes; second, the ENCs may have 
poor binding ability to target molecules when the ENC 
size is too big. When the assembly ratio of bFNP to 
SA-HRP was higher than 1:17, the sensitivity was con- 
tinuously reduced due to the decreased number of 
HRP molecules present in the ENCs. 

In summary, these results were consistent with 
the results of the electrophoresis analysis and TEM. 
The optimized ratio of bFNPs to SA-HRPs during ENC 
assembly was 1:24, which yielded the lowest standard 
deviations and highest signal-to-noise ratio. 

High-Sensitivity ELISA Based on ENC. To develop a highly 
sensitive troponin (cTnl) assay, the ENCs assembled at 
the ratio of 1:24 were applied in a sandwich ELISA to 
detect cTnl spiked into serum samples. A schematic 
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view of the assay is shown in Figure 1d, indicating 
that the ENC allows the recruitment of hundreds of 
HRP molecules to each antibody—antigen complex. 
The detection procedure was similar to that of con- 
ventional sandwich ELISA (see Methods). First, the 
capture antibody was immobilized on a microplate to 
capture cTnl spiked in cTnl-free serum. Second, the 
biotinylated detection antibody was captured on the 
microplate through antibody—antigen reaction, prior 
to addition of the ENC. As shown in Figure 5a, the 
sensitivity of ENCs in detecting cTnl was significantly 
higher than the conventional method. We also tested 
the detection limits of both the ENC-based and the 
conventional ELISA methods (see Supporting Informa- 
tion Figure S8). The results showed that the detection 
limit was improved from 16 ng/mL (0.63 nmol/L) of the 
conventional ELISA method to 0.8 pg/mL (33 fmol/L) 
for the our ENC-based method, with the cutoff value of 
the signal-to-noise ratio (S/N, the noise value was the 
average absorbance of the negative control from all 
the repeats +2SD) being =1. These results indicate 
that the sensitivity of the troponin assay using the ENCs 
was 10000-fold higher than that of a conventional 
ELISA. Such extraordinarily high sensitivity is probably 
due to the large number of HRP molecules carried 
by the ENCs, which is significantly greater than the 
number of HRPs labeled on the secondary antibodies 
in conventional ELISA. 

Clinical Sample Test Using Our ENC-Based ELISA. Next, to 
evaluate the potential use of ENC-based immunoas- 
says in clinic, we tested the ENC-based cTnl assay in the 
clinical diagnosis of AMI patients. First, the cTnl levels 
of 40 healthy people were measured by both ENC- 
based ELISA as well as conventional method, and 
cutoff values of the cTnl immunoassay were deter- 
mined (see Methods). Then, the sera of 17 AMI patients 
and 17 healthy people were tested by both ENC-based 
ELISA and conventional method. The results of the 
ENC-based troponin assay (Figure 5b, top) showed that 
all samples from the AMI patient demonstrated clear 
positive signals, which were significantly higher than 
the cutoff value of 0.226, indicating a 100% clinical 
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Figure 5. ENC-based highly sensitive cTnl immunoassay. (a) Comparison of the ENC-based and conventional ELISA for cTnl 
detection in serum. (b) cTnl immunoassays of sera from 17 healthy individuals and 17 AMI patients using the ENC-based assay 
(top) and a conventional ELISA (bottom). The cutoff value is shown as a horizontal dotted line. 


specificity of this method. In contrast, by using the 
conventional method (Figure 5b, bottom), four sam- 
ples from the AMI patient (no. 1, 4, 8, 11) showed 
negative signal outputs below the cutoff value (0.091), 
and two samples (no. 7, 16) exhibited ambiguous 
signal outputs that were very close to the cutoff value. 
These results were not surprising, because one of the 
serological diagnostic criteria for AMI is that the cTnl 
level in the patient sera is higher than the clinical 
reference ranges of 0.04 ng/mL. This is much lower 
than the detection limit of the conventional ELISA. 
Importantly, the ENC-based immunoassay can be 
used to diagnose the onset of AMI, even with a small 
quantity of cTnl present in patient sera. 


DISCUSSION 


Self-assembly of nanoparticles into size-controlled 
superstructures allows the construction of a larger 
family of uniform superstructures that are of tunable 
size. This method greatly broadens the practical 
applications of nanoparticle assemblies, including bio- 
sensing, biodevices fabrication or cargo delivery. Pre- 
viously reported self-assembly of nanoparticles into 
size-controlled superstructures was achieved by a 
force competition-based assembly,”° stepwise assem- 
bly,2°->? or templated assembly.2? Compared with 
these methods, our size-controlled self-assembly strat- 
egy described here is conceptually different. First, the 
size-controlled self-assembly was achieved by limiting 
the number of interacting nanoparticles through limit- 
ing the number of interaction sites on the surface of 
these nanoparticles. Different from the inorganic nano- 
particle commonly used in nanoparticle assemblies, 
the protein nanoparticles possess a symmetrically 
assembled body, the interaction sites uniformly dis- 
tribute on the surface of nanoparticle with exact 
number and orientation. These properties allowed us 
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to limit the number of interaction sites through stoi- 
chiometric controlling the assembly ratio of nanopar- 
ticles and interacting building blocks. Second, the 
commonly used physical interactions were replaced 
by the biological interaction between biotin and strep- 
tavidin. Different from those physical interactions, this 
biological interaction is more specific, and is indepen- 
dent of the chemical or physical characteristics of the 
building blocks used (such as surface charge, hydro- 
phobicity, etc.). Such fundamental change in design 
enables the use of a wide range of components for 
nanoparticle assemblies, which should allow for the 
construction of a diverse range of superstructures. 
Furthermore, there are many types of highly specific 
interactions (for example, there are ~93 000 different 
protein—protein interactions predicted in yeast’) and 
diversity of functions in biology. Thus, the size- 
controlled self-assembly method can be considered 
as a general approach for the construction of sophis- 
ticated protein superstructures. 

On the basis of this strategy, an ENC with powerful 
signal amplification characteristics was built by directly 
assembling of bFNP and SA-HRP in solution. Compared 
with other protein superstructures for super- or ultra- 
sensitive immunoassays, such as bifunctional protein 
nanowire,” layer-by-layer assembled protein com- 
posites?° and fluorescent protein nanoparticles,” the 
ENC-based immunoassay improved the sensitivity to a 
level of tens of femtomoles. Instead of enzyme-labeled 
secondary antibody used in conventional ELISA, our 
ENC can be designed as a ready-to-use reagent to meet 
the requirement of the conventional immunoassay 
that is widely adopted in clinical or field tests. There- 
fore, there is no particular instrumental demand or 
requirement for human resource training. The ENC- 
based immunoassay is not limited to the cTnl assay 
shown here as proof of principle, but can be applied 
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widely for the detection of various biomarker (for 
example, HIV screening, see Supporting Information 
and Figure S9). 

One of the limitations of our approach is that the 
uniformity achieved in practice was not as good as the 
theoretical uniformity expected according to our de- 
sign (see Supporting Information). This observation 
may be caused by two reasons: First, although strepta- 
vidin can be used as a bivalent mediator to link two 
bFNPs, streptavidin has in fact tetravalent affinity to 
biotin, which can result in a fluctuation of ENC assem- 
bly. Second, the binding abilities of the conjugated 
SA-HRP molecules differ from each other, which is due 
to the random nature of the chemical cross-linking 


procedure. An alternative would be to introduce a 
molecule with bivalent binding ability instead of strep- 
tavidin, and to replace chemical modification with a 
genetic method. 


CONCLUSIONS 


We propose a size-controlled self-assembly strategy 
for constructing ENCs of tunable size. This was applied 
successfully to an ultrasensitive immunoassay for the 
detection of cTnl. This strategy is easy-to-perform 
and independent of the characteristics of assembly 
components, and thus could be further exploited to 
build complex biological devices for a broad range of 
applications. 


METHODS 


Preparation of Autobiotinylated Ferritin Nanoparticles. Autobioti- 
nylated ferritin nanoparticles were constructed by fusing the 
BAP tag and rHF together. The BAP tag, spacer peptide and rHF 
were cloned in order into pET28, resulting in the expression 
vector pET28-BAP-rHF. The plasmid map of pET28-BAP-rHF is 
shown in Figure S1. The BirA (EC 6.3.4.15) gene was amplified 
from the genome of E. coli BL21 (DE3) by PCR and cloned into 
the pCDFDuet vector (compatible with pET28) resulting in 
the expression vector pCDFDuet-BirA. Subsequently, the con- 
structed pCDFDuet-BirA and pET28-BAP-rHF plasmids were 
cotransformed into E. coli BL21. Transformed E. coli cells were 
added to LB medium in the presence of 50 “g/mL streptomycin, 
50 ug/mL kanamycin at 37 °C, and 12 “g/mL biotin (Sigma- 
Aldrich). The expressions of fusion protein and BirA were 
induced by 1 mM isopropyl-6-p-thiogalactopyranoside (IPTG) 
at 25 °C. The autobiotinylated ferritin nanoparticles were puri- 
fied by thermal denaturation (60 °C, 40 min), size exclusion 
(sepharose 6B, GE) and sucrose density gradient centrifugation 
(38000 rpm, 4 h). The expression and biotinylation of bFNP 
were measured by SDS—PAGE, Western blotting and LC—MS, 
respectively. 

Construction of ENC. The ENC was constructed by the self- 
assembly of bFNP and SA-HRP (Beyotime). The concentrations 
of bFNP and SA-HRP were tested simultaneously by BCA protein 
assay kit (Pierce) and optical absorption at 280 nm (GE AKTA). 
The SA-HRPs were used to titrate bFNP in a series of ratios. The 
assembly ratios used were 1:0.5, 1:1, 1:2, 1:4, 1:8, 1:16, 1:17, 1:18, 
1:19, 1:20, 1:21, 1:22, 1:23, 1:24, 1:25, 1:26, 1:28, 1:30, 1:32, 1:34, 
1:36, 1:38, 1:40. After rapid addition of bFNP into SA-HRP in 
assembly buffer (20 mM Tris base, 150 mM NaCl, pH 8.0), the 
mixtures were vortexed vigorously and incubated at 4 °C 
overnight. 

ENC Analysis by Agarose Gel Electrophoresis and DLS. The prepared 
mixture of bFNP and SA-HRP was added in loading buffer (50% 
glycerol, 0.5% w/v bromophenol blue) and loaded in a Tris- 
glycine buffered 2% agarose gel. Electrophoresis was per- 
formed in an ice—water bath for approximately 4 h at 50 V. 
The agarose gel was stained with Coomassie blue and imaged 
for documentation using Alpha Imager. The ENCs samples at 
the assembly ratios of 1:22, 1:23, 1:24, 1:24.5, 1:25, 1:25.5, 1:26, 
1:28, and 1:30 were prepared. After incubating at 4 °C overnight, 
DLS analyses of ENCs were carried out with a Zetasizer Nano- 
ZS90 (ZEN3690, Malvern, U.K.). 

Biological Functional Evaluation of ENC. The functions of molec- 
ular recognition and catalysis abilities of ENC were tested by 
detecting the biotinylated antibodies based on the principle of 
direct ELISA. The dilutions of biotinylated antibodies were 
coated onto a microplate and blocked with PBS containing 
5% skim milk powder. After repeated washes, 100 uL of ENC was 
added to each well and incubated at 37 °C for 45 min. Each well 
was then washed to remove unbound ENC. Detection results 
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were analyzed using a TMB liquid substrate system (Sigma), and 
the optical absorption was measured at a wavelength of 450 nm 
using a microplate reader (Synergy HT, BIOTEK). ENCs at the 
gradient assembly ratio indicated (from 1:30 to 1:13) were 
tested in identical manner to compare signal amplification. 

Sandwich ELISA for Troponin I. To compare our ENC-based 
detection with conventional sandwich ELISA, parallel assays 
were performed for cTnl. The ENC-based ELISA was applied at 
the assembly ratio of 1:24 in a sandwich ELISA to detect cTnl 
spiked into serum and clinical sample. The detection procedure 
was similar to that of the conventional sandwich ELISA. ENC was 
applied in assay instead of enzyme labeled secondary antibody. 

Capture antibody (Hytest, 19C7) was diluted to a final 
concentration of 5 wg/mL in carbonate buffer (pH 9.6) and used 
for coating of a microplate at 4 °C overnight. The coated wells 
were blocked with 300 uL of 5% nonfat dry milk/PBS overnight 
at 4 °C. The troponin | (Hytest, 8RTI7) was diluted in cTnl-free 
serum (Hytest, 8TFS). After incubation of the capture antibody- 
coated microplate with sample (troponin diluted in serum, AMI 
patient or healthy serum) about 45 min (37 °C, shaking at 
300 rpm), biotinylated detection antibody (Hytest, 16A11; bio- 
tinylated by the biotin labeling kit-NH2, Dojindo) was added to 
bind antigen for 45 min (37 °C, shaking at 300 rpm). Then, ENC 
was added to the microplate and incubated at 37 °C for 45 min 
for binding of the biotinylated antibody—antigen complexes. 
Subsequently, each well was washed 6 times with PBST (PBS 
with 0.05% Tween 20) to remove unbound ENC. All solutions to 
dilute antibodies and ENC contained 0.5% milk, and the micro- 
plate should be washed by PBST at least four times at each 
washing step. Detection results were analyzed using a TMB 
liquid substrate system, and the optical absorption was mea- 
sured at a wavelength of 450 nm. 

Diagnosis of AMI Patients. The clinic samples were collected 
from hospitalized patients who were undergoing or had just 
experienced AMI, as well as from healthy volunteers. The 
collected serums were stored in liquid nitrogen immediately 
after acquisition. The cutoff value for AMI diagnose was the 
mean value of cTnl assay in healthy people, plus 2-fold standard 
deviations. The study was done in accordance with the approval 
by the research ethics committee of Wuhan Institute of Virology. 
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